ABSTRACT

The [detection of virtually all mutations]-SSCP (DOVAM-S) is a highly sensitive variant of single strand conformation polymorphism (SSCP). Mutations in the factor IX gene were used to find a set of five SSCP conditions that detects virtually all mutations. A blinded analysis of the factor IX gene in patients with hemophilia B detected 82 of 82 unique mutations. Since the method was developed and tested on the factor IX gene, it is possible that the conditions selected work more efficiently in the factor IX gene than in other genes. To test the general applicability of the conditions under which DOVAM-S detected all mutations in this gene, blinded analyses were performed in the human factor VIII and ataxia-telangiectasia (ATM) genes. Segments were amplified individually, combined into groups of 16 to 18 amplified segments and electrophoresed in five different nondenaturing conditions of varying matrices, buffers, temperatures and additives. Blinded analyses were performed in 92 samples from patients with hemophilia A (factor VIII gene) and 19 samples from A-T patients (ATM gene
)
INTRODUCTION
Complete scanning for mutations in large genes from genomic DNA has been a difficult task, particularly for single nucleotide substitutions. These genes often contain many exons of varying sizes separated by relatively long intronic regions. A wide variety of gene scanning methods, each with advantages and disadvantages, has been developed (2, 3) . In a few large genes such as BRCA1and BRCA2 , complete sequencing of all exons and flanking intronic regions has been used to identify mutations (4, 17) .
Single strand conformation polymorphism (SSCP) analysis is frequently used to detect mutations by abnormal electrophoretic migration of ssDNA fragments on nondenaturing gels (15) . Although the method is simple and fast, the standard protocol does not detect all mutations, and the sensitivity may vary widely, depending on segment size and sequence context (10) . In this laboratory, several hybrid SSCP mutation screening techniques (detection by SSCP combined with another method) have been developed to increase the sensitivity of SSCP by generating multiple mutation-containing fragments.
Dideoxyfingerprinting and bidirectional dideoxyfingerprinting, which combine SSCP with conventional Sanger dideoxy sequencing (10) or bidirectional cycle sequencing (6) , can detect essentially all mutations in DNA segments less than 300 bp and 300-600 bp, respectively. Restriction endonuclease fingerprinting, another hybrid mutation screening technique that detects virtually all mutations, combines SSCP with restriction endonuclease digestion to analyze DNA segments of 1-2 kb (11) .
Each of these methods has disadvantages for the complete mutation scanning of genomic DNA from large genes. To use restriction endonuclease fingerprinting to full advantage, contiguous DNA segments of 1-2 kb need to be analyzed, but most of the exons in large genes are small (less than 300 bp) and separated by large introns (much greater than 1 kb); thus, each small exon would have to be examined separately. Both dideoxy fingerprinting and bidirectional dideoxy fingerprinting can be used for mutation screening in large genes, but each exon generates many fragments, requires one lane per sample and cannot be easily multiplexed.
Denaturing HPLC has also been used to screen for mutations (14, 19) but requires optimization of conditions for analysis of each exon, as well as a large capital investment for the instrument. Although analysis of a single exon is rapid, this method analyzes exons sequentially and, in some cases, more than one temperature is required for analysis of a given exon. One blinded analysis detected all 55 mutations (13) , while another showed a sensitivity of 91% (12) .
Recently, we described [detection of virtually all mutations]-SSCP (DO-VAM-S), a variation of SSCP that involves scanning multiple exons in a single lane under five different nondenaturing electrophoresis conditions. The sensitivity of SSCP, although suboptimal under each single condition, is vastly improved by the redundancy of five conditions and permits the detection of essentially all mutations (7). Typically, a 500 kb autosomal sequence (250 kb genomic sequence from two chromosomes) is screened in five gels (100 kb net screened per gel).
DOVAM-S was optimized and tested in two blinded analyses using the human factor IX gene that spans 34 kb genomic DNA and contains a functional region of approximately 2.2 kb (7). In the factor IX gene, DOVAM-S identified singlebase substitutions (all categories of transitions and transversions), hemizygous or homozygous large (whole exon) deletions, as well as microinsertions and deletions. The sensitivity of mutation detection was found to be 100%.
To determine whether the five electrophoretic conditions in DOVAM-S that were developed for the factor IX gene could be used successfully for larger genes, we examined the human factor VIII gene (spans 186 kb of chromosomal DNA and contains 26 exons) (5) and the human ataxia telangiectasia (ATM) gene, one of the largest known genes (spans 146 kb and contains 66 exons) (16) . Like the factor IX gene, the factor VIII gene is located on the X chromosome and thus is hemizygous in males. The ATM gene on chromosome 11 is autosomal. The vast majority of coding exons in both genes are less than 300 bp in length. The factor VIII gene also contains one large 3.1 kb exon. Many of the introns in both genes are very large (greater than 1 kb), and mutations are widely scattered throughout each gene. In a prospective analysis of the factor VIII gene and a blinded analysis of the ATM gene, DOVAM-S detected all known mutations in the regions scanned.
MATERIALS AND METHODS
Definition of Terms
Sequence changes. Any change from the wild-type sequence, including mutations and polymorphisms. Deleterious mutations or polymorphisms are equally useful in assessing the sensitivity of DOVAM-S.
Unique sequence changes.Some mutations and many of the polymorphisms were identified in more than one sample; a few of the common polymorphisms were identified in many samples. For the purpose of determining which electrophoretic conditions detected a given sequence change, the number of unique sequence changes was used, counting each different sequence change only once, no matter how many times it was found.
Total number of sequence changes. All sequence changes. The excess over unique sequence changes is a measure of the consistency of detecting a sequence change.
Joint electrophoretic conditions. A set of two or more different electrophoretic conditions considered together. A mutation is detected in a set of joint conditions if it is detected in any one of the electrophoresis conditions in the set. For five different conditions, there are ten possible combinations (sets) of two conditions, ten sets of three conditions and five sets of four conditions.
Samples and Genomic Regions Scanned
Genomic DNA from 92 hemophilia A patients (89 males and 3 females) was prospectively analyzed for mutations in the human factor VIII gene. Samples had previously been screened for the common intron 22 inversion in factor VIII (9) and only those negative for the inversion were included in this analysis. For each sample, a total of 8.8 kb DNA was screened and included all exons and adjacent intronic splice site regions, as well as 355 bp and 185 bp in the 5 ′ untranslated and 3 ′ untranslated regions, respectively. Forty-eight segments, ranging from 140-328 bp, were amplified and analyzed as described below.
Nineteen A-T patients were selected for blinded analysis of the ATM gene. Their DNA had been previously screened for ATM mutations by the protein truncation test (18) and conformation sensitive gel electrophoresis (Liang et al., manuscript in preparation). Samples were coded and blinded to all personnel involved in the DOVAM-S experiments. The code was broken after the sequence changes had been determined and confirmed. Using genomic DNA, 17.1 kb ATM sequence were scanned per sample, which included all translated exons (E4-65), adjacent intronic regions and 175 bp 5 ′ untranslated sequence in intron 3 and the beginning of exon 4. Seventy segments that ranged in size from 166-367 bp were amplified and analyzed.
PCR Amplification
For analysis of both genes, each segment was individually amplified by PCR from genomic DNA and labeled with α -33 P-dATP. Using a robotic device with an integrated thermal cycler (ABI PRISM™ 877; PE Biosystems, Foster City, CA, USA)(7), as many as 384 separate reactions could be prepared automatically and run concomitantly. After amplification, labeled products from each patient sample were pooled automatically for DOVAM-S analysis to give three groups of 16 segments each (factor VIII) or four groups of 17-18 segments each (ATM). A list of new primers designed for amplification of the factor VIII and the ATM genes can be obtained from the authors.
Electrophoresis
Products were first electrophoresed on a 6% acrylamide/7 M urea denaturing gel to identify any unamplified products and to detect small insertions and deletions. If a product was not amplified, reamplification was attempted. Regions reproducibly associated with the absence of a band on DOVAM-S (found in two factor VIII samples) were scored as deletions. For X-linked genes such as factor VIII and factor IX, male patients have only a single allele, and a large deletion of a complete exon would result in a lack of amplification. Because ATM is an autosomal gene and patients are mainly compound heterozygotes, large deletions of the second allele would be masked by a normal PCR product from the first allele and would not be detected by this method.
For DOVAM-S analysis, 1.5 µ L labeled PCR products combined in groups of 16 to 18 were electrophoresed under five different nondenaturing conditions in which gel matrix, buffer, temperature and additive were varied. The conditions chosen, which together were able to detect all mutations in a blinded analysis of the factor IX gene (7) , are shown in Table 1 . In three conditions, pK-matched buffers were used, providing higher voltage, current stability and less heat generation (8) . Electrophoresis was carried out on a 50 cm ×38 cm ×0.4 mm sequencing cell (Sequi-Gen ® GT, BioRad Laboratories, Hercules, CA, USA) at a constant power of 10-20 W for 13-17 h with the exception of condition PTG-RT (50-65 W for 10-14 h). Control lanes containing groups of three to four labeled products were included for purposes of correct segment identification. [11] [12] [13] [14] [15] [16] [17] [18] ]. f The blinded DOVAM-S analysis of mutations in the factor IX gene was carried out previously (7) . The data were reanalyzed (n=82 unique mutations) for consistency with the analysis of the other genes. Seventy-three of the 82 unique sequence changes were single-base substitutions, and nine were deletions or insertions (including three large deletions of one or more exons). 
Gel Analysis and DNA Sequencing
Following electrophoresis, gels were dried and exposed to BioMax ® MR film (Eastman Kodak, Rochester, NY, USA). Autoradiographs were analyzed to determine mobility shifts or intensity differences in particular segments that were identified through a comparison with known amplified products in control lanes. Segments expected to contain a mutation were amplified from a dilution of the SSCP mixture and sequenced by fluorescence cycle sequencing on a DNA sequencer. Sequences were analyzed using Sequencher ™ software (Gene Codes, Ann Arbor, MI, USA). All mutations were confirmed by reamplification from the original genomic DNA and sequencing in the opposite direction.
RESULTS AND DISCUSSION
Detection of Sequence Changes by DOVAM-S
Because this study analyzes the efficiency of DOVAM-S to detect sequence changes, individual mutations are not listed but are available from the authors. All types of sequence changes-single-base changes (missense, nonsense, transitions and transversions), microinsertions and deletions and splice mutations-were included. Figure 1 shows a nondenaturing gel containing factor VIII samples that were electrophoresed under PT-RT, one of the five DOVAM-S conditions (Table 1) . When all five electrophoretic conditions were analyzed, sequence changes were detected in 85 of the 92 factor VIII samples (Table 2) . Presumptive causative mutations were found in 85 patients. A total of 113 sequence changes (76 unique) were found, including two common polymorphisms present 12 and 14 times. For the seven samples in which no sequence changes were found by DOVAM-S analysis, complete sequencing in both directions of all 26 exons and adjacent intronic regions was performed. No sequence changes were found in any of the seven samples. Samples without detectable mutations in the DOVAM-S analysis did not contain mutations when the direct sequence analysis was used.
Note that all PCR-based methods, including direct sequence analysis and DOVAM-S, cannot detect certain types of mutations, including large heterozygous deletions, duplications and inversions. A quantitative assay is currently being developed to detect some of these mutations. In addition, 5 ′ and 3 ′ untranslated regions that were not screened could contain sequence changes that would not be detected by these experiments.
Nineteen samples from A-T patients, for whom sequence changes had previously been identified by protein truncation test and conformation sensitive gel electrophoresis, were screened in a blinded analysis by DOVAM-S. Forty-nine previously known sequence changes (22 were unique) including several polymorphisms, each detected in multiple samples, were identified ( Table 2 ). All previously known sequence changes that were included in the DOVAM-S scanning regions were detected. Besides the previously known sequence changes in these samples, 31 additional changes were identified, 17 of which were unique (data not shown).
Sensitivities of individual SSCP electrophoretic conditions for the detection of the 76 unique factor VIII sequence changes ranged from 83%-88%. The highest sensitivity appeared in condition PC-8 (Table 1) . A broader range of sensitivities for detection of the 22 unique ATM sequence changes was observed (50%-82%), with highest sensitivity in PC-8 and HT-8, as compared with the lowest in PT-RT. These are presented in comparison to those found previously in the factor IX gene (7) . No false positives were found in either the factor VIII or ATM genes when certain pitfalls were avoided, including ( i ) each band in a lane must have a wild-type band in at least one of the Additional mutations/polymorphisms were also found in the samples (not shown). e Data reanalyzed (7) . See Table 1 . Table 2 . DOVAM-S Scanning from Genomic DNA in Three Human Genes adjacent lanes; ( ii ) to assess subtle shifts, lanes must be very close together and only high-quality wells should be used; and ( iii ) if one SSCP segment is subtly but clearly different from the adjacent normal segment, assume the sample contains a mutation until a high-quality sequence has been examined in both directions for every base (1) . A clear fragment shift on a DOVAM-S gel always indicated a sequence change.
The majority of sequence changes were detected in more than one SSCP condition. For the factor VIII gene, 46% of the sequence changes were detectable in all five electrophoretic conditions and 80% showed mobility alterations in at least four conditions. An additional 20% of the sequence changes could be detected in only one, two or three conditions: only one sequence change was detectable in a single condition (HTG-8). Of the three sequence changes identified in only two conditions each, one was detected in each of four conditions (PC-8, PT-RT, PTG-RT and HT-8), and two were detected in condition HTG-8.
In contrast to the factor VIII and factor IX genes, fewer sequence changes in the ATM gene could be detected in all five conditions (only 23%) or in at least four conditions (59%). Most of the ATM sequence changes were heterozygous and were more difficult to detect compared to the hemizygous mutations in the factor VIII and factor IX genes. In only one or two conditions, 18% of the sequence changes caused mobility shifts. The one sequence change detected in two conditions was found in PC-8 and HT-8. The three sequence changes identified in only one condition were each detected in a different condition (HTG-8, PT-RT and HT-8). This can be compared with the results previously found for the factor IX gene, in which six sequence changes were identified in only one condition (four in HTG-8, one in PC-8 and one in PTG-RT) (7). The redundancy of the DOVAM-S method is clearly necessary for the complete detection of ATM sequence changes.
The sensitivity of detection was decreased if fewer electrophoretic conditions were used in DOVAM-S analysis (Table 3) . If joint combinations of all possible sets of two, three or four conditions were considered, all sequence changes could be detected in certain sets of three or four conditions. However, with other combinations of conditions, at least one sequence change for each gene would be missed. For two, three and four joint electrophoretic conditions, the detection frequency ranged from 77%-97%, 91%-100% and 95%-100%, respectively. The sensitivity varies from segment to segment and gene to gene, making it hard to estimate the sensitivity of any set of one to four conditions. The 100% sensitivity factor VIII 97 (5) 100 (5) 100 (4) 100 (1) 96 (4) 99 (3) 99 (1) 95 (1) 97 (2) ATM 95 (2) 100 (1) 100 (2) 100 (1) 91 (3) 95 (5) 95 (3) 86 (3) 91 (4) 82 (1) 77 (1) a Results for the factor IX gene are given in Liu et al. (7) . b For all combinations of nondenaturing gel electrophoresis conditions, there are 10 possible sets of two conditions, 10 sets of three conditions, five sets of four conditions and one set of five conditions. See Table 1 for detection of sequence changes in each individual condition. 
